Objective Obesity is associated with low-grade chronic inflammation. We hypothesized that Roux-en-Y gastric bypass (RYGB) surgery would reduce activation of the NLRP3 inflammasome in metabolically active adipose tissue (AT) of obese rats, and this change would be related to decreases in body weight and improved glycemic control.
Introduction
Obesity is characterized by massive expansion of adipose tissue (AT) and is closely associated with a chronic, low-grade inflammatory state and insulin resistance, which conspire to increase the risk of type 2 diabetes and related morbidity and mortality. Obesity-associated inflammation occurs as a result of immune cell infiltration into the adipose tissue and increased production of pro-inflammatory cytokines [1] such as IL-1β, IL-6 and TNF-α, leading to the pathogenesis of insulin resistance and eventually to the development of type 2 diabetes. The mechanisms by which obesity leads to the pro-inflammatory state are not well understood.
Nod-like receptor family, pyrin domain containing 3 (NLRP3), a pattern recognition receptor, that can form a multiprotein inflammasome complex, may play an important role in initiating the inflammatory response. Upon its activation, NLRP3 induces the recruitment and the autocatalytic activation of the cystein protease caspase-1 that leads to the formation of an inflammasome complex mediated by apoptosis-associated speck-like protein (ASC) [2] [3] [4] [5] [6] [7] . The formation of NLRP3 inflammasome and the activation of caspase-1 facilitates the processing of the cytosolic precursor of IL-1β and IL-18 allowing secretion of these biologically active cytokines [8, 9] . The role of the NLRP3 inflammasome in the pathogenesis of obesity-induced insulin resistance is derived from observations that NLRP3 deficient mice fed a high fat diet are more insulin sensitive than HF-diet fed wild-type mice [10] . Further observations by Stienstra et al. [11] demonstrated that NLRP3 inflammasome-mediated caspase-1 activation is an important regulator for adipocyte differentiation and contributes to impaired insulin sensitivity associated with obesity. Further, pharmacological inhibitors or siRNA targeted for caspase-1 or NLRP3, improved insulin sensitivity and adipocyte differentiation. White adipose tissue (WAT) of obese mice show an increase in the activity of caspase-1, IL-1β and IL-18, while caspase-1 deficient mice have smaller adipocytes, lower percentage of total fat mass, increased mitochondrial energy dissipation in WAT and profoundly improved insulin sensitivity [11] . Calorie restriction in mice and patients with type 2 diabetes who lose weight show reduced IL-1β and NLRP3 mRNA in adipose tissue, and this is associated with a decrease in their proinflammatory profile and insulin sensitivity [12] , [13] . Vandanmagsar et al. further identified the roles of NLRP3 inflammasome in sensing obesity associated danger signals, DAMPS, that contribute to obesity-induced inflammation and insulin resistance [12] .
Current therapies for obesity-induced type 2 diabetes are limited. Lifestyle interventions that include diet and exercise as well as pharmacological therapy, work to varying extents, but the results tend to be short-lived. Bariatric surgery has profound metabolic effects and restores glycemic control in patients with morbid obesity and/or type 2 diabetes [14] , [15] , [16] , [17] , [18] , [19] , [20] . It has been previously demonstrated that bariatric surgery improves long-term weight loss and is accompanied by a reduction in WAT pro-inflammatory state [11] , is associated with a reduction of subcutaneous adipose tissue macrophage infiltration and down-regulation of inflammatory cytokines, such as TNF-α and IL-6 [12] , [13] . However, little is known about the effects and mechanisms of bariatric surgery on the inflammatory state of visceral fat, and its association with improvement in weight loss and whole body insulin sensitivity post intervention. We hypothesized that RYGB surgery reduces the inflammatory profile ("lowgrade" inflammation) determined by the down-regulation of the NLRP3 inflammasome in adipose tissue from obese rats and that this change is positively associated with reduced body weight and improved glycemic control.
Materials and Methods

Animal Care
The protocol was approved and performed in compliance with the Cleveland Clinic Institutional Animal Care and Use Committee (IACUC). Sixteen 12-week old Sprague-Dawley (SD) rats (Charles River Laboratories, Wilmington, MA) were included in this investigation. Rats were housed in individual cages, kept at a constant temperature and ambient humidity in a 12-hour light/dark cycle. Animals were provided an ad libitum high-fat (D12492, 60% fat, Research Diets, New Brunswick, NJ) diet for 12 weeks to establish diet-induced obesity, hyperglycemia and insulin resistance. At age 24-25 weeks, the animals were randomized into a control sham-operated (N = 8), or RYGB (N-8) surgery group.
Surgical Intervention
All animals were fasted overnight (approximatively 16 hours). Ceftriaxone 75 mg/kg was administered intramuscularly for prophylaxis, an isoflurane gas chamber was used for anesthesia during the procedure. We used the gastric bypass model and bowel limb lengths as previously described [21] , and as proposed by Meguid et al. [22] to achieve durable weight loss. For the sham operations a midline incision was made, and the stomach and distal esophagus were exposed; the small bowel was laid out for the same duration required for gastric bypass procedures. The abdomen was closed in layers with sutures. The rats were maintained on an ad libitum liquid diet with Boost (Nestle, Buffalo Grove, IL) for up to 7-days after surgery. Thereafter, they were fed a HFD ad libitum. All rats were euthanized on postoperative day 90. Adipose tissues from three different depots, omentum (OM), mesenteric (MS) and subcutaneous (SQ), were collected, snap frozen in liquid nitrogen, and stored at -80°C.
Glucose Tolerance Test
A fasting oral glucose tolerance test (OGTT) was performed in rats preoperatively and repeated on day 32 post surgery, by measuring the blood glucose response via tail vein puncture at baseline, 10, 20, 30, 60, 90, 120, 150 , and 180 minutes after oral gavage with a 3.0 g/kg glucose solution (70% dextrose solution). Glucose area under the curve (AUCs) was determined by the trapezoidal method.
Total RNA Extraction
Total RNA was extracted from the adipose tissues using the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's instruction. Briefly, 50-100 mg of AT tissue was homogenized in β-mercaptoethanol and QIAzol lysis reagent. The homogenate was separated into aqueous and organic phase by adding chloroform followed by centrifugation. Ethanol was added to the collected upper aqueous phase to provide optimized RNA binding condition to the RNeasy mini spin column. Genomic DNA was removed by adding DNase following the protocol of RNase-free DNase kit (Qiagen) by adding the DNase to the column, followed by 30 minute incubation at room temperature. Total RNA bound to the column was washed and finally eluted in 50 μl of nuclease free water by centrifugation. RNA concentration and purity was determined from absorbance at 230, 260 and 280 nm using a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE). Isolated RNA was aliquoted and stored at -80°C until further analysis.
cDNA synthesis
One microgram of cDNA was prepared from total RNA by reverse transcription reaction following the iScript cDNA synthesis kit (Biorad, Hercules, CA) using a PX2 Thermal Cycler (Thermo Scientific). The reaction was set up at a volume of 20 μl and synthesis was performed in the following order, 5 minutes at 25°C, 30 minutes at 42°C and 5 minutes at 85°C. Complementary DNA was stored at -80°C until semiquantitative real time PCR (qRT-PCR) analysis was performed.
qRT-PCR Primer Pairs
Primer pairs for specific target genes were obtained from PrimerBank database (pga.mgh.harvard.edu/primerbank/) for mouse and checked for the specificity to the genes of interest by conducting a Blast analysis against the rat mRNA sequence (see Table 1 ).
Semi-quantitative RT-PCR Analysis
Determination of relative mRNA expression was performed in duplicate on an MX3000P QPCR system (Agilent Technologies/Stratagene, Santa Clara, CA) using 10 ng of cDNA as the template and the VeriQuest SYBR Green qPCR Master Mix (Affymetrix, Santa Clara, CA). Sample normalization was done using the rat GAPDH gene as an internal standard. The relative changes in mRNA abundance were calculated using the comparative ΔΔCt method [23] . Briefly, the threshold cycle (Ct) for GAPDH was subtracted from the Ct for the gene of interest to adjust for variations in mRNA/cDNA generation efficiency to determine the ΔCt value. Fold induction of target genes of RYGB animal was calculated as an exponential of the negative value by the subtraction of ΔCt of an RYGB animal from the average ΔCt of a Sham animal (2 -ΔΔCt ).
Protein Extraction and Western Blot Analysis
Total protein was extracted from approximately 100 mg of adipose tissue using a glass homogenizer in 1 mL of cold RIPA lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 ) in the presence of protease inhibitor (Sigma Aldrich, St. Louis, MO), 5 mM phenylmethylsulfonyl fluoride (Sigma Aldrich) and Phos-STOP (Roche Applied Sciences, Indianapolis, IN). Protein homogenates were centrifuged at full speed for 20 minutes at 4°C. Fat cake was removed by aspiration and the infranatant was transferred to a new tube. Samples were then aliquoted and stored at -80°C until further analysis. Protein concentration was measured using a Protein BCA assay kit (Pierce Biotechnologies, Rockford, IL). 50 μg of total protein was prepared with Laemmli sample buffer containing 1% of β-mercaptoethanol as reducing agent and boiled for 5 minutes. The protein samples were separated in 4-20% Novex TrisGlycine SDS PAGE Electrophoresis System (Life Technologies, Camarillo, CA), followed by transferring into polyvinylidene fluoride membrane (Biorad). The membrane was blocked for 1h with 5% bovine serum albumin in phosphate buffered saline with 0.1% Tween 20 (PBS-T) at room temperature. Membranes were then incubated overnight with primary antibody at a dilution 1:1000 in PBS-T to recognize specific target proteins MCP-1 (BioLegend, Seattle, WA;Catalog # 505902), NLRP3 (Adipogen, San Diego, CA; Catalog # AG-20B-0014-C100), Interleukin 18 (R&D Systems, Minneapolis, MN; Catalog # AF521), Interleukin 1β (Lifespan Bioscience, Seattle, WA; Catalog # LS-C104781), Interleukin 6 (Abcam, Cambridge, MA; Catalog # ab6672), ASC (Santa Cruz Biotechnology, Dallas, TX; Catalog # sc-22514-R), with GAPDH (Santa Cruz Biotechnology; Catalog # sc-20357) and/or actin (Santa Cruz Biotechnology; Catalog # sc-1616) as loading controls. Membranes were washed with PBS-T and incubated with secondary horseradish peroxidase-conjugated antibodies, for anti-rabbit, anti-mouse (GE Healthcare, Piscataway, NJ) and anti-goat (Santa Cruz Biotechnology). Immunoreactive proteins were visualized by enhanced chemiluminescence reagent (ECL Prime; GE Healthcare, Piscataway, NJ) and quantified by densitometric analysis using ImageJ software.
Caspase1 Activity Assay
Caspase 1 activity was assessed using a Caspase-1/ICE Fluorometric Assay kit (Biovision Inc, Milpitas, CA) based on the detection of cleavage substrate YVAD-AFC (AFC: 7-amino-4-trifluoromethyl coumarin). The cleavage product, free AFC emits a yellow-green fluorescence (λmax = 505nm). Briefly, adipose tissue was homogenized in chilled lysis buffer provided and 200 μg of total protein lysate was used in the assay. A standard curve was generated using human recombinant active caspase-1 (BioVision Inc.). Lysate or human recombinant active caspase-1 was incubated with reaction buffer (provided) and 50 μM of YVAD-AFC substrate for 2 hours at 37°C. The fluorescence signal was read using a fluorometer equipped with a 400 nm excitation filter and 505 nm emission filter.
Statistical Analysis
Repeated measure ANOVA analysis was used to determine differences in body weight and the glucose AUC response during OGTT at pre and post-surgery intervention. Statistical differences in gene, protein expression and caspase-1 activity assay between the sham and RYGB groups were analyzed using U Mann-Whitney test. Correlations between gene expression and body weight or OGTT were determined using Pearson correlation analysis. The Grubbs' test for outlier detection was used to test the presence of outliers, which were excluded from the calculations if analysis was shown to be significant. Data are expressed as mean±SE, the threshold of significance was set at P<0.05.
Results
Body weight and glycemic control
Baseline body weight was 709 ± 22 and 762 ± 32 grams for the control, and RYGB groups, respectively. The RYGB group lost 21% of their body weight despite eating the HFD for 90 days. In contrast, the Sham control group showed a 20% weight gain (Fig 1) . Repeated measures ANOVA analysis of body weight demonstrated there is an effect of time (P<0.0001) and interaction (time x group) between sham and RYGB group (P<0.0001). There was no significant difference in daily food intake between Sham (20.6 ± 0.8 grams) and RYGB (23.0 ± 1.5 grams) groups. RYGB surgery improved glycemic control over the Sham control group as demonstrated by glucose AUC response during OGTT (Fig 1) . Repeated measure ANOVA also indicated that for the RYGB treated animals there was a statistically significant improvement (decrease) in OGTT AUC (p<0.04), while in the Sham controls did not change (p<0.14).
Gene expression in omental, mesenteric and subcutaneous adipose tissue
The expression of IL-6 (p<0.00008), caspase-1 (p<0.00004), ASC (p<0.00004), NLRP3 (p<0.00009), IL-18 (p<0.0006) and MCP1 (p<0.0001) in omental adipose tissue was significantly decreased in the RYGB group compared to Sham controls; IL-1β levels were similar for both groups (Fig 2) . We found a significant decrease in the expression of IL-6 (p< 0.0001), MCP-1 (p< 0.00004), IL-1β (p<0.00013), IL-18 (p< 0.0001), caspase-1 (p<0.00004), and ASC (p<0.00008) mRNA in mesenteric adipose tissue following RYGB treatment (Fig 3) . Interestingly, in subcutaneous adipose tissue, only IL-1β (p<0.00004) was significantly increased in the RYGB group. Gene expression of caspase-1, ASC, MCP1, IL-6, NLRP3 and IL-18 remained relatively unchanged in the RYGB compared to the Sham control group (Fig 4) .
NLRP3 inflammasome protein expression in omental adipose tissue following RYGB
Western blot analysis revealed that protein expression of NLRP3 (p<0.002), ASC (p<0.00008), IL-18 (p<0.0008), caspase-1 (p<0.0003), and IL-1β (p<0.003) were significantly lower in RYGB (N = 8) than in Sham control (N = 8) in omental adipose tissue (Fig 5) . Gene expression for pro-IL-1β was not significantly lower for RYGB vs. control.
Caspase-1 activity assay
Analysis of caspase 1 activity assay of omental adipose tissue between control and RYGB group demonstrated that RYGB decreases caspase-1 activity assay (p<0.0002).
Correlation analysis
In omental adipose tissue (Table 2 ), IL-6; MCP-1 and ASC gene expression were significantly correlated with both changes in body weight and changes in glucose AUC. For NLRP3, gene expression there was a significant positive correlation with changes in body weight (r = 0.48, P = 0.03) but not with glucose AUC (r = 0.35, P = 0.09). Caspase-1 was somewhat correlated with changes in body weight and significantly correlated with changes in glucose AUC. For IL-1β there was no correlation with either changes in body weight or glucose AUC. In mesenteric adipose tissue (Table 3) , both IL-6 and MCP1 correlated significantly (p<0.05) with gene expression and changes in body weight, but not with changes in glucose AUC. Caspase-1 gene expression showed a significant correlation only with changes in glucose AUC. Interestingly, we did not find any significant correlation between target gene expression and improvement in body weight or glucose AUC for subcutaneous adipose tissue (Table 4) .
Discussion
In the present study, we assessed the effect of RYGB surgery on the expression of inflammasome components in adipose tissues of obese Sprague-Dawley rats. The major findings are: Tissue homogenates were prepared as described in the Methods section; protein was separated by SDS-PAGE and probed with the appropriate antibodies. GAPDH was used as an internal loading control. Intensity of the band was quantified using ImageQuant TL software and expressed as the relative ratio to loading control. (C) Caspase-1 activity was measured according to manufacturer's protocol in Sham control vs RYGB. Data are mean ± SE. * denotes a significant difference between Sham control vs. RYGB.
doi:10.1371/journal.pone.0139764.g005
1. Bariatric surgery reverses inflammation by suppressing NLRP3 inflammasome activation in visceral adipose tissue, and may serve as an effective anti-inflammatory treatment;
2. Bariatric surgery induces significant weight loss and improves glycemic control.
This study provides novel data on the effects of RYGB surgery on the NLRP3 inflammasome in adipose tissue (OM, MS and SQ). Using a novel approach, we examined whether the effects of bariatric surgery were associated with the regulation of inflammation in visceral (omental and mesenteric) and subcutaneous adipose tissue through the NLRP3 inflammasome. Furthermore, we studied the associations between the NLRP3 inflammasome gene expression, body weight, and glucose tolerance in obese rats. Of note, Sprague-Dawley rats are not prone to develop type 2 Diabetes, but they do become insulin resistance and experience hyperglycemia on a high fat diet.
Obesity, specifically abdominal or visceral obesity, leads to high levels of pro-inflammatory adipokines including IL-6, IL-1β, leptin and TNF-alpha. The expression and release of adipokines from adipose tissue are different in specific depot sites (omental, mesenteric, subcutaneous), with visceral fat having greater macrophage infiltration and therefore greater expression of pro-inflammatory and lower expression of anti-inflammatory adipokines than does subcutaneous fat [24] , [25] . The success of bariatric surgery weight loss procedures for treating obesity and its related co-morbidities (T2D) were documented in a meta-analysis [26] . The biologic mechanisms by which bariatric surgery resolves these conditions are not fully understood. One probable mechanism is addressed by the inflammatory hypothesis, which suggests the presence of a low-grade inflammatory state in obesity [26, 27] . However, no studies to date have examined the effects of bariatric surgery on the NLRP3 inflammasome in adipose tissue from obese rats.
Previous studies demonstrated that long-term weight loss after bariatric surgery is accompanied by a decreased pro-inflammatory state, as evidenced by reduced circulating C-reactive protein (CRP) [28] , [29] , [30] , [31] , IL-6 [30] and leptin [32] . Bariatric surgery has also been shown to reduce subcutaneous adipose tissue macrophage attraction, and expression of inflammatory cytokines genes, including TNF-alpha and IL-6 [30] , [33] . Also, in the setting of bariatric surgery-induced weight loss, adipose tissue macrophage infiltration decreases, glycemic status is improved [33] , [34] , and notably the latter correlated with decreased inflammation in our study. MCP-1 (CCL2) in adipose tissue is reduced in NLRP3 deficient mice, suggesting that NLRP3 inflammasome plays a role in macrophage infiltration in adipose tissue and correlates with sustained levels of chronic inflammation in obesity [12] . In our study, MCP-1 gene expression decreased in both visceral types of adipose tissue post-RYGB surgery-omental and mesenteric-and was positively correlated with a decrease in body weight and improvement in glycemic control. In subcutaneous fat samples, neither MCP-1 nor IL-6 gene expression correlated with any inflammasome components' gene expression, or changes in body weight or glucose AUC. These data suggest that there is a preferential type of adipose tissue where reduction of macrophage infiltration occurs post RYGB that improves the inflammatory profile and glucose metabolism. Compared with subcutaneous fat, visceral fat (omental and mesenteric) showed a decreased transcript level for most of the NLRP3 inflammasome components, IL-6 and MCP-1 for RYGB vs. control treated groups. Also, protein levels for NLRP3, ASC, IL-18, IL1β and caspase-1 significantly decreased in omental fat in RYGB compared to the Sham control group. Similar to previously published data [35] , we found that the improvements in inflammation/insulin resistance post RYGB, appear to be modulated by the inhibition of inflammation in a tissue specific manner. The roles of subcutaneous adipose tissue and visceral adipose tissue in metabolic deregulation are intrinsically different [36] .
The data of Bradley et al. [37] indicate that marked weight loss in obese subjects is accompanied by changes in key parameters of postprandial glucose homeostasis, multi-organ insulin sensitivity, beta-cell function and adipose tissue inflammation. Bradley et al. also reported that weight loss following RYGB led to amelioration of pro-inflammatory cytokines, including IL-1 β. These cytokines contribute to the development of insulin resistance. IL-1 β is produced via cleavage of pro-IL-1 β by caspase-1. Our findings indicate that visceral adipose tissue expression of caspase-1 is correlated with reduction in plasma glucose in obese rats, and suggest that in adipose tissue, activation of caspase-1, possibly through NLRP3 inflammasome, during hyperglycemic conditions, leads to an enhanced production of IL-1 β that may result in the development of insulin resistance. The relationship between the RYGB and changes in the NLRP3 inflammasome in certain depots of adipose tissue as reflected by the findings in this study, suggest that RYGB surgery decreases visceral adipose tissue inflammation and ameliorates insulin resistance, by reversing the NLRP3 inflammasome activation. An increased understanding of the pro-inflammatory stage based on NLRP3 activation may have the potential to determine optimal timing for therapeutic gastric bypass surgery. Differential expression of the NLRP3 inflammasome in adipose tissue depots suggests a new concept of tissue inflammation privilege and supports the idea that intervention at early stages of obesity, using NLRP3 inflammasome as a personalized biomarker, might prevent progression of the disease and development of co-morbidities.
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